To develop a prediction model that quantifies the risk of being overweight at 10 years of age. SUBJECTS/METHODS: In total, 3121 participants from the GINIplus (German Infant Nutritional Intervention plus environmental and genetic influences on allergy development) and LISAplus (Influences of Lifestyle-Related Factors on the Immune System and the Development of Allergies in Childhood plus Air Pollution and Genetics) German birth cohorts were recruited. We predicted standardized body mass index (BMI) at 10 years of age using standardized BMIs from birth to 5 years. Parental education, family income and maternal smoking during pregnancy were considered as covariates. Linear and logistic regression models were used to evaluate the impact of risk factors on BMI and on being overweight at 10 years of age, respectively. RESULTS: Birth weight, standardized BMI at 5 years (60-64 months) (b ¼ 0.77; 95% confidence interval (CI): 0.73-0.81) and maternal smoking during pregnancy were positively associated with standardized BMI at 10 years of age. Standardized BMI and overweight at 5 years were strongest predictors of being overweight at 10 years. Conversely, high parental education conferred a protective effect (b ¼ À 0.15; 95% CI: À 0.29 to À 0.01). Being overweight at 5 years (60-64 months) increased the risk of being overweight at 10 years of age with odds ratios above 10. Among children who were predicted to be overweight at 10 years, cross-validation results showed that 76.8% of female subjects and 68.1% of male subjects would be overweight at 10 years of age. CONCLUSION: BMI and being overweight at 5 years of age are strong predictors of being overweight at 10 years of age. The effectiveness of targeted interventions in children who are overweight at 5 years of age should be explored.
INTRODUCTION
Obesity is a major public health challenge. It is associated with numerous illnesses and often persists into adulthood. 1 Being overweight during childhood and adolescence adversely affects the onset of many diseases later in life. 2 Identifying children at risk of being overweight early on in life is essential for effective prevention and intervention. 3 Shankaran et al. 4 reported that children who are overweight at younger ages have a higher risk of being overweight at 11 years of age. Moreover, it was noted that measurements taken closer to 11 years of age had greater predictive power. Similar results are found in other studies. 5, 6 Several studies have also shown that birth weight and maternal smoking during pregnancy are associated with childhood obesity. [7] [8] [9] [10] Familial factors can explain up to 27% of the variance in a child's weight status. 11 There are also many other factors that increase the likelihood of being overweight later in life, such as rapid growth during the first two years of life, short duration of breastfeeding, obesity in infancy, short sleep duration, o30 min of daily physical activity and consumption of sugar-sweetened beverages, and so on. 12, 13 Prediction models for being overweight and obese have previously been developed based on some of these determinants, but those utilizing information on body mass indices (BMIs) collected during very early life (o5 years) are scarce.
In this study, we established an overweight prediction model using standardized deviation scores of anthropometric parameters collected during the first 5 years of life. Considering the availability of covariates and the aim of developing a concise and easily applicable prediction model, we only included parental education, socioeconomic status and maternal smoking during pregnancy as covariates. Cross-validation was used to test the validity of our prediction model.
METHODS

Study population
Data from two ongoing German birth cohorts of healthy full-term neonates were used in this study. GINIplus (German Infant Nutritional Intervention plus environmental and genetic influences on allergy development) is an ongoing birth cohort study initiated to investigate prospectively the influence of a nutritional intervention during infancy, air pollution and genetics on allergy development. GINIplus participants (N ¼ 5991 newborns) were recruited from obstetric clinics in Munich, Leipzig, Wesel and Bad Honnef between September 1995 and July 1998. Details of the study design are described elsewhere. 14, 15 A total of 2252 newborns with atopic heredity participated in a hydrolyzed protein infant formula intervention study for the first 4 months of life. 14 This randomized controlled trial showed marginally different BMIs across formula groups during the first year of life, but this effect did not persist to 6 and 10 years of age. 15 A sensitivity analysis in which formula type was entered into the models as a confounder did not substantially change the results in this study (results not shown). LISAplus (Influences of Lifestyle-Related Factors on the Immune System and the Development of Allergies in Childhood plus Air Pollution and Genetics) is an ongoing birth cohort examining the impact of lifestyle-related factors, air pollution and genetics on immune system and childhood allergy development. In total, 3097 neonates were recruited from 14 obstetrical clinics in Munich, Leipzig, Wesel and Bad Honnef between November 1997 and January 1999. Two participants removed their consent to participate at the 6-year follow-up, and are not included in the analysis. A detailed description of the study's screening and recruitment has been described previously. 16, 17 Detailed information on allergy and traffic emissions was collected at the 6-year follow-up, and since this time, the term 'plus' was added to the previous names of the cohorts. This analysis is limited to the 3121 children who participated in the physical examination at the 10-year follow-up (1921 from GINIplus and 1200 from LISAplus).
Approval by the respective local ethics committees (Bavarian General Medical Council, University of Leipzig, Medical Council of North-RhineWestphalia) and written consent from all participating families were obtained for both studies.
Outcome and covariates
Anthropometric measurements of weight and height were collected by pediatricians during physical examinations at birth, at weeks 4-6, at months 3-4, 6-7, 10-12, 21-24, 46-48 and 60-64 and at 10 years of age. Data from birth to age 60-64 months were obtained from administrative records and that at 10 years from a physical examination conducted as part of the 10-year follow-up of the GINIplus and LISAplus studies.
BMI values were calculated from these weight and height measurements and transformed to standardized deviation scores (z-scores) according to the sex-and age-specific 'WHO-Child-Growth-Standards' for children. 18, 19 This standardization allows for comparisons across studies. At every time point, the standard deviation (s.d.) of our population's standardized BMI measurements was calculated. If a child's respective standardized BMI was greater than this s.d., the child was identified as being overweight at this time point, the methodology is consistent with WHO standards. 20 The set of covariates examined were maternal smoking during pregnancy, family income and parental education level. As the distribution of family income was skewed, this information was grouped into three categories based on the quartiles of monthly average income per person in the household (low for o25%, medium for 25-75% and high for 475%). Parental education levels were defined based on the highest number of years either parent attended school (low o10 years, medium ¼ 10 years and high 410 years).
Statistical analysis
As male and female subjects have different developmental tracks for obesity, 21 analyses were conducted pooled and stratified by sex. Linear regression was used to analyze the effects of birth weight, standardized BMI measurements during the first 5 years of life and covariates on standardized BMI measurements at the age of 10 years. Logistic regression was used to assess the risk of being overweight at 10 years and to verify the results obtained from the linear regression model. All models were adjusted for parental education, family income and maternal smoking during pregnancy. Multivariate analyses indicated that only birth weight and standardized BMI at the age of 60-64 months were significantly associated with the outcome of interest. Sensitivity analyses excluding variables at 60-64 months (for example, only including standardized BMIs up to the age of 46-48 months) and including variables at a later age (for example, also including standardized BMI at the age of 6 years) were conducted. On the basis of the results from these models, birth weight and standardized BMI recorded at the age of 60-64 months appeared to be strong predictors of 10-year standardized BMI or being overweight at 10 years of age, and these two variables were selected in the main models (Figure 1, Model B) .
Among the available study population (N ¼ 3121), 2272 children had complete information on all variables included in the linear model. To test the validity of the linear model, two-thirds (N ¼ 1515) of the complete cases were randomly divided into a training data set, and the remaining third (N ¼ 757) into a validation data set. The training data set was used to fit the linear regression model. The validation data set was used to compare predicted overweight status at 10 years of age with the true overweight status obtained from the physical examinations. The meansquare prediction error, sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) were obtained. In this study, sensitivity provides a measure for the percentage of correctly predicted overweight children out of those who were overweight and specificity provides a measure for the percentage of correctly predicted nonoverweight children out of those who were not overweight. PPV reflects the probability of being overweight at 10 years if a child was predicted to be overweight using our model, whereas NPV reflects the probability of not being overweight at 10 years if a child was predicted as nonoverweight. This procedure was repeated 1000 times and the mean and percentiles of these indices were calculated.
Differences between male and female subjects, as well as between participants (N ¼ 3121) and non-participants (N ¼ 5965), of the 10-year physical examination were tested using Pearson's w 2 test for categorical variables or one-way analysis of variance for continuous variables. Study characteristics are described using means, s.d.'s or percentages. Model results are presented as linear regression coefficients (b) for standardized BMIs and as odds ratios (OR) for being overweight (yes/no), with corresponding 95% confidence intervals (CI). The cross-validation results are presented using means and percentiles for each measure; 2.5th and 97.5 percentiles refer to a 95% CI. P-values below 0.05 are considered statistically significant. All analyses were performed using the statistical software package R, version 2.14.1.
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RESULTS
Pooled and sex-specific characteristics of the participants of the 10-year physical examination are summarized in Table 1 . The mean birth weight was 3.40 kg (s.d. ¼ 0.44) for female subjects and 3.55 kg (s.d. ¼ 0.46) for male subjects. The means of the standardized BMIs for examinations conducted during the first 6 months of life were consistently negative for both genders. Those for the standardized BMIs obtained from physical examinations conducted after 1 year of age tended to be positive, with the exception of that calculated for months 60-64 ( À 0.03 and À 0.01 for female subjects and male subjects, respectively). The s.d.'s were all approximately 1.0, as expected. 23 A mean standardized BMI o0 indicates that the entire distribution is shifted downward, which suggests that the majority of the study population have lower BMIs than the reference population. The mean standardized BMI for male subjects (0.24) at 10 years of age was statistically higher than for female subjects (0.13). Overweight rates in male subjects were slightly higher than in female subjects, but were not statistically significant.
The baseline characteristics of participants and non-participants of the 10-year follow-up examination are compared in Table 2 . Non-participants were more likely to have parents with low-tomedium levels of education, live in families with low income, have mothers who smoked during pregnancy and to be overweight at the age of 3-4, 46-48 and 60-64 months.
The associations between the investigated covariates and standardized BMI at 10 years are presented in Table 3 . When considering the entire study population, standardized BMI at 10 years was significantly associated with birth weight (b ¼ 0.11; 95% CI: 0.03-0.19), standardized BMI at 60-64 months of age (b ¼ 0.77; 95% CI: 0.73-0.81), high parental education (b ¼ À 0.15; 95% CI: À 0.29 to À 0.01) and maternal smoking during pregnancy (b ¼ 0.13; 95% CI: 0.03-0.22), but neither with high nor medium family income (b ¼ À 0.01; 95% CI: À 0.11 to 0.09 and b ¼ À 0.04; 95% CI: À 0.12 to 0.04, respectively). As shown in Table 3 , a 1-unit increase in standardized BMI at 60-64 months of age increased the standardized BMI at 10 years of age by 0.78 in female subjects and 0.77 in male subjects. Maternal smoking during pregnancy had a positive effect on standardized BMI at 10 years of age among female subjects and male subjects (b ¼ 0. 15 Variables were selected based on multivariate models, in which only birth weight and standardized BMI at 60-64 months were constantly associated with the outcome of interest. Parental education, family income and maternal smoking during pregnancy were included as covariates. The reference populations used in the models for being overweight at different ages were the corresponding non-overweight participants. The lowest scales of parental education and family income were used as the reference categories for these variables. Maternal non-smokers were used as the reference population for maternal smoking during pregnancy.
respectively), but was only significant among female subjects (P ¼ 0.02).
Being overweight at the age of 60-64 months was a strong risk factor for being overweight at 10 years of age (Figure 1) . Children who were overweight at the age of 60-64 months were approximately 15 times more likely to be overweight at the 10-year examination compared with children who were not overweight at the age of 60-64 months. This effect was strongest among female subjects (OR ¼ 17.75; 95% CI: 11.62-27.10 vs OR ¼ 12.40; 95% CI: 8.41-18.26 for female subjects and male subjects, respectively). The association between high parental education and being overweight at 10 years of age was also statistically significant among female subjects (OR ¼ 0.44; 95% CI: 0.22-0.89 vs OR ¼ 0.70; 95% CI: 0.36-1.35 for female subjects and male subjects, respectively). Birth weight and maternal smoking during pregnancy were significant in the prediction model for the entire population. In the stratified analysis, maternal smoking during pregnancy (OR ¼ 1.63; 95% CI: 1.02-2.59 vs OR ¼ 1.17; 95% CI: 0.71-1.91 for female subjects and male subjects, respectively) and high parental education (OR ¼ 0.44; 95% CI: 0.22-0.89 vs OR ¼ 0.70; 95% CI: 0.36-1.35 for female subjects and male subjects, respectively) were more strongly associated with being overweight at 10 years of age among female subjects compared with male subjects.
The cross-validation results of the linear prediction model are presented in Table 4 . In all, 37.0% of female subjects and 38.0% of male subjects who were overweight at 10 years of age were predicted as being overweight; 97.2% of female subjects and 95.5% male subjects who were not overweight at 10 years of age were predicted as being not overweight. Among children who were predicted to be overweight at 10 years, 76.8% of female subjects and 68.1% of male subjects were actually overweight at 10 years of age. Finally, among children who were predicted to be not overweight at 10 years, 86.2% of female subjects and 85.8% of male subjects were actually not overweight at 10 years of age.
DISCUSSION
We developed a model that uses anthropometric parameters during the first 5 years of life to predict whether a child will be overweight at 10 years of age. Birth weight, standardized BMI at the age of 60-64 months, parental education, family income and maternal smoking during pregnancy were included in the final prediction model. High birth weight, high standardized BMI at approximately 5 years of age (60-64 months) and maternal smoking during pregnancy increased the risk of being overweight at 10 years. Conversely, children of parents with high parental education were less likely to be overweight at 10 years of age. The sensitivity of our model was low, but the specificity was high. The PPV was higher in the model for female subjects; the NPV was similar across genders.
Previous studies have consistently shown that birth weight is positively associated with being overweight or obese later in life. 4, 24 This association is linear in some studies 25 and U-shaped in others. 26 In our study, birth weight was positively and linearly associated with standardized BMI at 10 years, but this effect was only significant among male subjects. High birth weight was associated with being overweight at 10 years of age, although the association was not statistically significant. One possible reason for the linear relationship between birth weight and BMI later in life is that only full-term neonates with a birth weight 42.5 kg were included in our study. Children with low birth weight tend to show catch-up growth, which might be associated with being overweight later in life.
In our study, we considered the effect of standardized BMIs calculated at different time periods throughout early life and childhood on standardized BMI and being overweight at 10 years of age. Only the standardized BMI at 60-64 months of age was significantly associated with being overweight at the age of 10 years in all models. BMIs up to the age of 4 years do not appear to be closely related to BMI at age of 10 years. These results support the concept that the time and slope of the adiposity rebound, that is, the age at and degree of increase in BMI from the age of approximately 5 years onwards, is a key predictor of later obesity risk. [27] [28] [29] [30] This hypothesis is in line with the recent observation that preschool and primary school age are the most critical periods for determining obesity later in life. 31 The important impact of the adiposity rebound on later body size may explain why BMI at the approximate age of the adiposity rebound was closely related to According to WHO definition.
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A 10-year overweight prediction model Z Pei et al BMI at 10 years of age, and BMIs at earlier ages were not. Children who already have a high BMI at the age of 60-64 months are expected to have an earlier age at and a steeper slope of the adiposity rebound. In line with our observation, Angbratt et al.
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also reported that BMI at 5 years was closely associated with BMI at 15 years. We did several additional sensitivity analyses to confirm the observed high ORs at 60-64 months of age. First, we included being overweight restricted up to the age of 46-48 months in the models, but excluded being overweight at 60-64 months of age. In these models, being overweight at 4 years (46-48 months) was significantly associated with being overweight at 10 years. The magnitude of the 4-year effect decreased substantially when variables at 60-64 months were reintroduced into the models. Second, when we added being overweight at 6 years to the models, being overweight at 5 years remained significantly associated with being overweight at 10 years, whereas the estimate associated with 46-48 months was no longer significant. In summary, BMI/overweight at 5 years (60-64 months) is a stronger predictor of body weight status at 10 years than any other earlier ages we examined. However, these models also imply that being overweight closer to age 10 years may better predict being overweight at 10 years of age. This hypothesis is in line with another longitudinal study based on 907 children, followed from birth to age 11 years, which concluded measurements closer to 11 years of age better predicted being overweight at 11 years of age. 4 As the numbers of subjects with measured BMI at 6 years in this study were only half of the total population available, and as our results already revealed that from age 5 years onwards, being overweight was predictive of being overweight at 10 years of age, we did not include information collected at 6 years in the main models. Table 2 . Differences between participants and non-participants of the 10-year physical examination Several studies have shown that maternal smoking during pregnancy increases the risk of being overweight or obese among children. 9, 32, 33 In our study, we found a significant association only among female subjects. Further studies are needed to replicate this result and investigate whether and why gender-specific effects exist. One hypothesis may be that tobacco smoke exposure impacts the metabolism in female subjects differently than that in male subjects. Because second-hand smoking is also a risk factor for being overweight or obese, 34 we also studied the effect of this covariate on standardized BMI at 10 years, but found no significant associations.
In previous works, parental education, family household income and occupational status were combined into one socioeconomic status variable (SES). 35, 36 Parental education is an independent risk factor for being overweight, 37 and there are complex patterns that govern the associations between family income and being overweight, which can also differ by race and gender. 38 To try to disentangle these effects, we studied the effect of parental education and family income on the risk of being overweight at 10 years using two separate variables.
A recent Dutch study reported that changes in BMI s.d. scores in each 1-year-interval from birth up to the age of 8 years were all significantly associated with being overweight at 8 years of age. The results of this study suggest that there is no specific critical time period during development that is notably associated with being overweight later in childhood. 39 In contrast, our results show that BMI at approximately 5 years of age, which might be the time of the adiposity rebound, is a strong predictor of being overweight later in life. There are important differences between this study and the recent Dutch study, which may explain the differing results. First, self-reported and measured anthropometric data were combined in the Dutch study, whereas only anthropometric data collected during physical examinations was used in our study. Thus, reporting bias and consequently misclassification of being overweight is likely lower in this study. Second, the previous Dutch paper had a larger sample size than this study (3963 vs 2272), but had fewer children with complete information on all variables (489 vs 2272). Missing data were imputed in the Dutch study, whereas we limited our analysis to only those children who provided complete information. Imputing values may introduce more information bias and a greater uncertainty in the results, which could offset the benefits of a greater sample size. Third, confounding variables were taken into account in our study, whereas models were not adjusted for potential confounders in the Dutch study. Finally, information before 2 years of age was available at more time points in our study (at birth, at weeks 4-6, at months 3-4, 6-7, 10-12 in our study compared to at birth, at 3 months, at 1 year of age for the Dutch study).
Nonetheless, our study is not without limitations. Loss to followup is inevitable in cohort studies. In our study, 5965 (65.7%) subjects originally recruited at birth did not participate in the 10-year physical examination. Non-participants were more likely to be overweight, come from a family with a low household income and low parental education, and their mothers were more likely to have smoked during pregnancy. A second limitation of this study Based on the linear prediction model. Being overweight was defined using standard deviations of standardized BMIs at 10 years of age (girls: 41.01; boys: 41.10; total: 41.06).
A 10-year overweight prediction model Z Pei et al is that we did not consider all known causes of childhood obesity, such as genetic variation, epigenetics, endocrine disease, diet, physical activity and sleep. 12 These risk factors are not available in both the GINIplus and LISAplus study. Furthermore, including a large number of covariates into the prediction model would have hindered our goal of developing a concise and simple model for application.
On the basis of our prediction model, we found that high birth weight, high standardized BMI at approximately 5 years of age and maternal smoking during pregnancy increased the risk of being overweight at 10 years of age. Conversely, having parents with a high level of education decreases this risk. The effects of targeted interventions focused on 5-year-old overweight children should be explored. The prediction model we have developed can be used to identify children at high risk of becoming overweight at the age of 10 years.
